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ABSTRACT
The e x p l ic i t  consideration  of the in te ract ions between the t r i p l e t  ground 
s ta te  O2 molecules leads to a new l a t t i c e  and spin hamiltonian for solid oxygen. 
Especially  the coupling parameter J  in  the Heisenberg effec tive  spin hamiltonian 
for the exchange in te rac t io n s  is  s trongly dependent on the positions and the 
o r ien ta t ions  of the  molecules. We have developed an integrated l a t t i c e  dynamics 
and spin wave formalism which uses the new hamiltonian. The in teraction  between 
the l a t t i c e  modes and the magnons can largely be taken into account by including 
renormalized coupling terms. R e a l is t ic  values for the libron sp l i t t in g  in ct—02 
and for the magnon frequencies are obtained without empirical f i t  parameters.
The anomalously la rg e  lib ron  s p l i t t i n g  in a-02 is  a t tr ibu ted  to the extremely 
strong anisotropy of the coupling parameter J.
The frequencies of the Raman ac tive  libron modes of a and g-02 w ill  be 
lowered by an ex ternal magnetic f i e ld .  Also the a-0 phase t rans i t ion  temperature 
i s  lowered by such a f i e ld .  We have quan ti ta t ive ly  predicted these lowerings.
1. INTRODUCTION
Solid oxygen i s  one of the most in te res t ing  molecular crysta ls  because of 
i t s  behaviour as a magnetic m ater ia l .  This behaviour i s  due to the ra th e r  
unique property of the 02 molecule of possessing a t r i p l e t  electronic sp in
momentum in  i t s  ground s t a t e .  The in te rac t ions  between the spin momenta in  the 
condensed phase lead  to  a very r ich  phase diagram. Most studies have been 
devoted to  the a and 0 phases. Under i t s  own vapour pressure the a phase Is  
s ta b le  below 23.9 K and the £ phase from 23.9 to H3.8 K. The structures  are 
shown in  F ig .  1. I t  i s  now generally believed tha t  the s truc tu ra l  d is to r t io n  
from the geom etrically  most favourable B phase to  the a phase is  driven by the  
magnetic in te ra c t io n  between the molecules. The a phase i s  a two-sublattice 
antiferrom agnet, with the spins aligned p a ra l le l  to the ± b-*axis. The 8 phase 
i s  assumed to  have an antiferromagnetic th ree -sub la t t ice  s tructure ,  the angle 
between the  s u b la t t i c e  magnetizations being 120°.
The th e o re t i c a l  approaches tha t  have been made for a and B-02 f a l l  in to
two ca tegories .  On the one hand, one has t r ie d  to understand the e l a s t i c  and 
op tica l  p roper t ie s  v ia  standard harmonic l a t t i c e  dynamics calculations,
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(a) a-Oz C2/m (b)  /3-Oz R 3 m
Fig. 1. Crystal structures of (a) a and (b) B“Oxygen.
ignoring the open shell character of 02- Such c a lc u la t io n s  cannot e x p l a i n  th e  
s p l i t t in g  of the optical libron mode at the phase t r a n s i t i o n  from p t o  «“ 0,, • 
In view of the small s truc tu ra l  d is to r t io n  t h i s  s p l i t t i n g  i s  very l a r g e  (more? 
than 30 era'1). On the other hand, one has in te r p re te d  the  magnetic p r o p e r t i e s  
of a-02 by means of spin wave ca lcu la t ions based on a pure s p in  h a m i l t o n i a n :
sp in P<P' PP'
Sp , + £ (A + B S,2d)XP yp
( 1)
The f i r s t  term is  the usual Heisenberg exchange term and th e  s i n g l e -  p a r t i  e l  e 
anisotropic spin terms were included in  order to  e x p la in  the  e x p e r i m e n t a l  
data. The parameters Jpp,, A and B have been regarded as e m p ir ic a l  c o n s t a n t s .
The main drawback of th is  hamiltonian is  th a t  one o b ta in s  very  d i f f e r e n t  s e t s  
of parameters from different experiments.
From ab ird tio  electronic s truc tu re  ca lc u la t io n s  in  our i n s t i t u t e  ( r e f a » 
t ,2 )  i t  has been found that Jpp( depends very s e n s i t i v e l y  on th e  p o s i t i o n s  a n d  
o r ientations of the molecules P and P '.  This being the  c a se  i t  i s  no  l o n g e r  
J u s t i f i e d  a p riori  to perform separate l a t t i c e  dynamics and s p i n  w ave 
ca lc u la t io n s .
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We have developed an in tegrated  l a t t i c e  dynamics and spin  wave formalism 
tha t includes the coupling between phonons, l ib rons and magnons ( re f s .  •
We s t a r t  from a hamiltonian which i s  based on f i r s t  p r in c ip le s .  Apart from a
spin-independent po ten tia l  V,pp. we include the geometry-dependence of J p p .
Moreover, the second sum in  Eq. (1) has been replaced by opera tors  t h a t  
represen t e x p l ic i t ly  the  intramolecular sp in -sp in  and sp in -o rb i t  i n t e r a c t io n s  
and the intermolecular apin-spin  (magnetic d ipo le -d ipo le)  in te ra c t io n s .
2. THEORY
The hamiltonian tha t  we propose to  use for so l id  oxygen reads as fo l lo w s:
H = H. + H .0 spin (2)
P<P'
V(r,PP ’ ,0)p ,UJp , > (3)
= - 2 J. J ( r p p l ,top,up ,) Sp ■ Sp ,
I I  A _ 
P m,m'
1 1 2 
m m' -m-m1
m m' -m-m'
The f i r s t  two terms in the spin-independent hamiltonian are the  k i n e t i c
energies of the t r a n s la t io n a l  (fip ) and o r ien ta t io n a l  (mp ) v ib ra t ions  of  the
molecules. The l a s t  term i s  the spin-independent (an iso t rop ic )  in te rm o lec u la r  
po ten tia l .  In the e a r l i e r  (harmonic) l a t t i c e  dynamics ca lcu la t ions  ( r e f s .  5- 
7) one has used only th i s  hamiltonian HQ, with the p o te n t ia l  V estimated by an
empirical atom-atom model.
The spin-dependent hamiltonian has been obtained from f i r s t  p r i n c i p l e s .  
The f i r s t  term represents the exchange in terac t ion  between the  op en -sh e l l  0 2 
molecules. This in te rac t io n  can be w ritten  as a Heisenberg e f f e c t iv e  s p in  
operator with the t r i p l e t  sp in  momenta §p . The coupling parameter J  i s
strongly dependent on the molecular o r ien ta t ions  ■ (uip) and posit ions (up ) .  T h is
dependence has been obtained from ab in i t i o  ca lcu la t ions  ( re f s .  1 ,2 ) ,  j u s t  as  
the spin-independent po ten t ia l  V. The second term rep rese n ts  th e
+ E 
P<P' m -m-m' PP
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in tram olecular  s p in -o rb i t  and sp in -sp in  coupling w ith  the  second rank te n so r :
and the  molecular coupling constant A * 5.712 K. The l a s t  term rep rese n ts  the 
in te rm olecu lar  sp in -sp in  coupling with  the  magnetic d ipo le -d ipo le  in te r a c t io n  
te n s o r :
Jus t  as the phenomenological spin-ham iltonian  (1),  our expression (¡0 con ta in s  
two a n i s o t ro p ic  spin term s, but in our case each term has a d i r e c t  o r ig in  in  
the molecular p roper t ie s .
Given th i s  hamiltonian with  the terms in  Eq. (i|) depending both on the
an in te g r a te d  l a t t i c e  dynamics and sp in  wave c a lc u la t io n .  Rather than using 
the s tandard  harmonic l a t t i c e  dynamics theory ,  we have applied a new method 
( r e f s .  3 ,^)  th a t  is  s u i t a b le  a l so  fo r  s t ro n g ly  anharmonic motions. This new 
method i s  based on the Random Phase Approximation (RPA) j u s t  as the sp in  wave 
theory  and, thus ,  i t  could r a th e r  e a s i ly  be in te g ra te d  with the l a t t e r .  In  the  
o r ig in a l  l a t t i c e  dynamics soherae, as I t  has been applied to  s o l id  n i t ro g e n  
( re f .  8 ) ,  we have included phonon-libron coupling; in  the case of oxygen 
phonon-magnon and libron-magnon couplings are included as well.  For d e t a i l s  we 
r e f e r  t o  r e f s .  H and 8.
3. LATTICE DYNAMICS OF THE a AND (¡“PHASE
Let us f i r s t  consider th e  r e s u l t s  f o r  a-O,,. We f in d  twice as many l a t t i c e  
modes (phonons and l ib r o n s )  as the e a r l i e r  l a t t i c e  dynamics c a lc u la t io n s  
because we have used the  magnetic u n i t  c e l l .  The mixing between the  l a t t i c e  
modes and the magnons i s  in  general very small.  Only a t  those ( i s o la te d )  
po in ts  In  the B r i l lo u in  zone where th e re  i s  a forbidden crossing ,  mixing 
occurs and the  branches involved interchange th e i r  ch a rac te r .  This means th a t  
the  l ib rons/phonons and the  magnons can be ca lc u la ted  separa te ly .  However, one 
has to  r e t a i n  the Heisenberg exchange in te r a c t io n s  in  the in te rm olecu la r  
p o te n t i a l  fo r  the  librons/phonons with th e  sp in  f a c to r  ?p • 3pl averaged over
the sp in  s t a t e s .  S im ila r ly ,  fo r  the sp in  waves one has to  average the  coupling 
c o e f f i c i e n t s  in  the spin ham iltonian  over the l a t t i c e  v ib ra t ions .
The agreement of the  c a lc u la te d  magnon f requencies  with the experimental 
ones i s  very  s a t i s f a c to r y ,  e s p e c ia l ly  i f  one considers  th a t  none of the
(5)
(6 )
s t r u c t u r a l  coordinates up and iap and on the spin  coordinates  ? p , we have made
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TABLE 1
Optical ( q =5) magnon frequencies in a-02.
----- -----------------  ca lculated   1 experiment
f i r s t  p r inc ip les  semi-empirical
from Eq. (4) from Eq. (1) with B = 0.26 K
ii)(cm-1 ) 6.7 4.7 6.4
22.2 22.7 27.5
parameters in the spin-dependent hamiltonian have been f i t t e d  (see Table 1). 
We have compared the f i r s t - p r in c ip le a  hamiltonian with the  phenomenological 
hamiltonian Eq. (1). The f i r s t  anisotropy parameter in  Eq. (1 ) ,has  been taken 
equal to  the f ree  molecule value, A -  5.712 K, and fo r  the  second parameter, 
we have taken the value B = 0.26 K tha t  yields the c la s s ic a l  sp in  d ipo le  
anisotropy f i e l d .  We see in Table 1 th a t  the re  i s  a s u b s ta n t ia l  d i f fe re n c e  in 
the lower magnon frequency. We therefore  conclude th a t  i t  i s  not j u s t i f i e d  to  
replace the exact magnetic d ipole-dipole in te ra c t io n  by an e f f e c t iv e  s in g le ­
molecule term.
TABLE 2
Optical (q = 3) libron frequencies in a. and g-02 from pure lib ron  ca lc u la t io n s  
(cm-1 ).
pu tting  including experiment
J = 0 J ( ?  t , t o
......... ................................ PP P P ________________________
a-02 /  Bg 38.9 39.9 42.6/42.0 ) (T= 13/20 K)
( Ag 50.7 72.2 74.2/72.0 f
g-02 : Eg 42.9 53.6 . 48.0/42.0 (T= 25/40 K)
The o p t ic a l  Raman ac tive  lib ron  inodes in the a and g-phase have le d  to a 
controversy. In the hexagonal g-phase these modes are degenerate and of E
S
symmetry. In the monoclinic a-phase the two l ib ro n  modes are non-degenerate 
and of B and A_ symmetry. Two peaks have been observed by Raman spectroscopyo o
which are 32 cm*1 apart.  L a t t ice  dynamics ca lcu la t ions  have never yielded a 
s p l i t t i n g  of more than 10 cm- 1 , which appears to  be reasonable because of the 
small d is to r t io n  of a-0g with respect to fc-Og. One has the re fore  assigned the
lower Raman peak of a-Og to  the acciden ta lly  degenerate l ib ro n  modes and the
higher peak to  a two phonon/libron or libron-magnon t r a n s i t io n .  The weak point 
i s  tha t  a t  various temperatures and pressures no ind ioa t ion  of the doublet
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Fig. 2. O r ie n ta t io n a l  dependence of J .
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Angb of the molecules with the c-axis
Fig. 3. V aria tion  of the p o te n t ia l  energy of  the (X-O2 c r y s ta l  along the 
normal coordinates La and Lj, of the Bg and Ag o p t ic a l  l i b r a t io n s ,  r e sp e c t iv e ly .  
The dashed curves denote the p o te n t ia l  without the  Heisenberg exchange con­
t r ib u t io n ;  in  the so lid  curves th i s  co n tr ibu t ion  has been added.
character of the  lowest peak in  a - 0 2 has been observed. Recent measurements
suggest t h a t  the lower frequency peak corresponds to  the mode and the
higher one to  the A mode. The explanation  of the large s p l i t t i n g  can be 
S
in ferred  from Table 2. The la rg e  s p l i t t i n g  i s  caused by the extremely 
an iso trop ic  Heisenberg exchange parameter J (see Fig. 2 ) .  The o lder  l a t t i c e  
dynamics ca lcu la t ions  have always neglected  th e  Heisenberg exchange 
in te ra c t io n .  Fig. 3 i l l u s t r a t e s  the e f f e c t  of t h i s  in te r a c t io n .  I t  s t a b i l i z e s  
the a-phase and i t  increases  the  s t i f f n e s s  of the po ten t ia l  in  the A
d irec t ion  much more than in  the B d i r e c t io n .
g
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H. MAGNETIC FIELD EFFECTS
The responses of the  sp in  systems of a and £S~02 to  an external magnetic
f ie ld  have been ca lcu la ted  using the MF approximation. Our magnetic 
su sc e p t ib i l i t ie s  are considerably  too high. This might ind ica te  th a t  our 
values of J are too small.  However, we o b ta in  f a i r l y  good values fo r  the 
op tical rnagnon frequencies in  or02 with the  same va lues .  Moreover, one would 
expect that i f  the absolute value of J  would be s u b s t a n t i a l l y  in  e r r o r ,  then 
the absolute values of i t s  main anisotropy components would be inco rrec t  too. 
The l a t t e r ,  however, determine the o p t ic a l  l i b r o n  f requencies  in  crO^, which 
were found to be in very good agreement with the  Raman sp e c tra .  Therefore we 
believe that the e rror  i s  due to  the  approximations made by the MF model.
We have ca lcu la ted  a lso  the  N6el temperature . Although the orphase i s  not 
s tab le  above 23.9 K (at low pressure)  and no d i r e c t  comparison can be made,
our value of T„ = ^9.5 K i s  not f a r  from es tim ated  values. In high magnetic N
f ie ld s  along the b-axis the sp in  momenta in  c r02 change d i r e c t io n  by 90°. This 
spin^flop takes place at a f i e l d  of 7.5 ± 0.5 T es la .  Our ca lcu la t ions  y ie ld  a 
spin-flop f ie ld  of  7.1 Tesla at 0 K.
As the ¡rphase i s  s t a b i l i z e d  with resp e c t  t o  the  B-phase by the magnetic 
interactions, one expects th a t  an ex terna l  magnetic f i e l d  B w il l  a f f e c t  the 
phase t rans i t ion  temperature. I f  we assume th a t  th e  magnetic s u s c e p t i b i l i t y  Is 
f ie ld  independent and th a t  the  change in  phase t r a n s i t i o n  temperature is  
small, then i t  i s  easy to  derive ( r e f .  9) th a t :
AT = -* -A)L b2 (7)
2 AS
with:
“ V TctB'1 “ X( /TaB5
AS - W  - S« < V
iT = W B) - w o)
We know that Ax > 0 and AS > 0 so t h a t  the phase t r a n s i t i o n  temperature i s  
lowered. Using the  experimental magnetic s u s c e p t i b i l i t i e s  and heat of 
t r a n s i t io n  we f ind  th a t  the a-g t r a n s i t i o n  tem perature i s  lowered by an 
external magnetic f i e l d  by an amount of 1.83 mK/Tesla2. Because of the s p in -  
flop in  or02 the ac tua l  s h i f t  a t  higher magnetic f i e l d  s t ren g th s  will be
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smaller.  The r e s u l t in g  AT i s  about 1.2 K a t  30 Tesla.
Another In te re s t in g  phenomenon occurs because of the anisotropy of the 
magnetic s u s c e p t i b i l i t y .  The s h i f t  in  the t r a n s i t io n  temperature will '  range 
for single c r y s ta l s ,  depending on the d ire c t io n  of the magnetic f i e l d ,  from 
-2.88 raK/Tesla2 to  -1.25 mK/Tesla2 in low f i e l d s .  In powder samples the a-8 
phase t r a n s i t i o n  In a magnetic f i e l d  w il l  take place over a range of 
temperatures, see Fig. k.
1 I I-------------- 1-------------- 1----------
220 224 226 232 23.6 21.0
T ( K )
Fig. 4. Magnetic f ie ld  s t reng th  dependence of the a-6 phase t r a n s i t io n  
temperature. The dashed curve dep ic ts  the average t r a n s i t i o n  temperature. The 
so lid  curves ind ica te  the range of t r a n s i t io n  temperatures in  a powder sample. 
Note the e f f e c t  of the sp in - f lo p  in  a - 0 2  a t  7.5 Tesla.
The most d i re c t  demonstration of the importance of the coupling between 
the magnetic and s t r u c tu ra l  phenomena in so l id  oxygen  would be the measurement 
of an e f f e c t  of ex ternal magnetic f i e l d s  on some proper tie s  tha t a re  normally 
determined by a spin-independent intermolecular p o te n t ia l .  We have ca lcu la ted
the e f fec t  of a magnetic f i e ld  on the  o p t i c a l  l ib ro n  modes in a and 0-O2 that 
are observed by Raman spectroscopy.
28
B(Tesb)
Fig. 5. Magnetic f ie ld  induced lowering of the  o p t ic a l  l ib ron  frequencies in  
a-(>2.
The magnetic s t r u c tu re  o f  a-Q i s  f a i r l y  r i g i d .  So one needs high f i e l d s  
to  d i s t o r t  i t  to an apprec iab le  extent and th e  r e s u l t in g  s h i f t s  w ill  not be 
la rg e .  Fig. 5 shows these  s h i f t s  for the o p t i c a l  Bg and Ag l ib r o n s .  They vary
only s l i g h t l y  for d i f f e r e n t  f i e l d  d i r e c t io n s .  There w il l  be a d iscon t inu i ty  a t  
7.5 T esla ,  due to  the s p in - f lo p  i f  the f i e l d  i s  along the b -ax is .  However, 
th i s  d iseon t inu i ty  i s  too  small to  be v i s i b l e .
We have assumed for B- 0,, tha t  the  sp in s  adopt the th re e -s u b la t t ic e
s t r u c t u r e .  A magnetic f i e l d  along the c -a x is  gives every sp in  the same
c-component, which y ie lds  not a very favourab le  s i t u a t io n .  Consequently the
e f f e c t  on the E mode w i l l  be small. I f  th e  f i e l d  i s  p a ra l le l  to  the ab^plane,
S
the spin momenta can have a l l  possible angles  r e l a t i v e  to  t h i s  f i e l d .  There 
are two extreme cases, i . e .  a magnetic f i e l d  p a r a l le l  and a n t ip a r a l l e l ,
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respec t ive ly ,  to one of the s u b la t t i c e  m agnetiza tions.  In both oases the 
magnetic s t ru c tu re  can e a s i l y  be d is to r te d  and the l ib ro n  s h i f t s  are  la rg e r .  
The e f fe c ts  on the E mode frequency in  fK)? are displayed in Fig. 6. g i-
0 10 20 
B  (  T e s h  )
5 0
Fig.. 6. Magnetic f ie ld  induced lowering of the o p t ic a l  l ib ron  frequency in 
g-Oj. The lower two curves have been ca lcu la ted  with the f ie ld  p a r a l l e l  or 
a n t ip a r a l l e l  to one of the s u b la t t i c e  magnetizations w ithin the ab-plane.
5. CONCLUSIONS
A s u b s ta n t ia l  coupling between the  magnetic p roper t ie s  and the l a t t i c e  
vibrations in  so l id  02 is  caused by the la rge  anisotropy and the dependence on 
the interraolecular d is tance of the Heisenberg exchange coupling parameter. The 
actual mixing between phonons/librons and magnons i s ,  however, small and so 
l a t t i c e  dynamics and sp in  wave c a lc u la t io n s  can be made separate ly .  A c ru c ia l  
diffe rence with the o lder  l a t t i c e  dynamics c a lc u la t io n s  i s  th a t  we have
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reta ined the sp in  terms, in  p a r t icu la r  the Heisenberg exchange term, with  
averaged spin operators. In  our spin wave ca lculations the coupling parameters 
in the spin hamiltonian have been obtained by averaging the ab i n i t i o  
parameter functions over the  l a t t i c e  v ibra t ions .  Another e s se n t ia l  improvement 
i s  tha t we have taken the exact, two^body spin operator for the magnetic 
dipole-dipole in te raction  Instead of an e f fec tive  one-body operator.
The o p t ic a l  magnon frequencies from the spin wave ca lcu la t ions on orOg a r e
in f a i r  agreement with the values from in frared  and Raman spectroscopy. The 
l a t t i c e  dynamics ca lcu la t ions have led  to  a unique assignment of the Raman 
libron peaks in a and B-02 - The la rg e  s p l i t t i n g  between the peaks in  a-02 has 
been a t t r ib u te d  to  the extremely s trong anisotropy of the Heisenberg exchange 
coupling parameter.
We expect a s h i f t  of the  o p t ic a l  l ib ron  frequencies in a magnetic f i e l d  
because of th i s  strong anisotropy of the Heisenberg exchange coupling  
parameter. We have predicted the l a rg e s t  s h i f t  for the Eg lib ron  frequency in
B-Og. when the magnetic f i e l d  i s  p a r a l l e l  to  the ab-plane (2.9 cm"*1 at 30
Tesla). The s h i f t s  for the B and h modes in  a“09 are somewhat smaller (1 .5
8 8
and 2.5 cm“ 1, respec tive ly ,  at 30 Tesla).  Also the <*-$ phase t r a n s i t i o n  
temperature w i l l  be lowered by an ex ternal magnetic f ie ld  by 1.2 K a t  3 0  
Tesla.
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DISCUSSION
PRESS - The question I have is re la te d  with this o r ien ta t io n -d ep en d en t  in te rac t io n .  
A parallel  a rran g em en t  of dumbbells is not the  s igna ture  of e le c t r o s t a t i c  quadrupole-  
quadrupole in te rac t ion ,  but ra th e r  is reminiscent  of the  s tacking of pencils.  From  
this I would conclude th a t  ha rd-core-repulsion  is the dom inan t  in te rac t ion ,  or is 
i t  im portan t  to include h igher-order multipoles ?
VAN PER AVOIRD - The quadrupole moment of 0 2 is small  indeed, about 4 t im es  
smaller than for Nz and also the higher multipole  in te rac t io n s  may be n eg lec ted .  
So it  is t ru e  th a t  the parallel  packing of 0 2 molecules is mainly d e te rm in ed  by 
their  short range repulsion. This packing is fu r ther  stabil ized  by the  n ea re s t  neigh­
bour Heisenberg exchange in te rac t ions  between the  0 2 m olecu les  in the d i f f e re n t  
a n t i fe r rom agnet ic  sublatt ices.
HOLZAPFEL - Since your calcu la tions use ab init io po ten tia ls ,  you should be able  
to  ca lcu la te  high pressure behaviour. Have you tr ied this ?
VAN PER AVOIRD - Yes, we are  able to do this, a lthough for very high p ressures  
the  three-body in te rac t ions  will become im por tan t  as well. We intend to s tudy 
the  high pressure  phases of solid 0 2 in the near fu tu re .
LYNDEN-BELL - Why do the  m agnetic  spins lie in the planes of molecules and 
not perpendicular  to these  planes ?
VAN PE R  AVOIRD - The spins in a -02 and $ - 0 2 a re  fo rced  to  lie  in the a-b p lane 
by the anisotropic  spin in te rac t ion  originating from i n t r a m olecular  sp in-orbit  and 
spin-spin coupling (the second term  in our spin-hamiltonian). In a-02 the p re fe r re d  
m agnetizat ion  d irection  is parallel  to  the b-axis. This is caused by the m agne t ic  
dipole-dipole, i.e. the in te rm olecular  spin-spin, in te rac t io n s  ( the  third te rm  in our 
spin-hamiitoman).
